Abstract The adsorption and photocatalytic oxidation of formaldehyde on the pure TiO 2 under dry and humid conditions were studied by in situ diffuse reflectance Fourier transform infrared spectroscopy. It was found that the formaldehyde molecules can be adsorbed on the hydroxyl groups on the TiO 2 surface via hydrogen bonding. With UV irradiation, the adsorbed formaldehyde rapidly converts to the formate species even on the pure TiO 2 at room temperature and atmospheric pressure. In the dry environment, the superoxide radical anion O 2 -•, formed by adsorbed oxygen reacting with electrons, is suggested to play an important role in the formaldehyde oxidation. The introduction of water vapor provides a large amount of water and hydroxyl groups on the catalyst surface. Oxidation of water and hydroxyl groups by the photogenerated holes produces very active OH• radicals, which take part in the redox reactions and improve significantly the mineralization rate of formaldehyde on the TiO 2 due to its high redox potential.
Introduction
Heterogeneous photocatalytic oxidation (PCO) appears to be a promising technology for degradation of volatile organic compounds (VOCs) [1] [2] [3] [4] [5] [6] [7] [8] [9] . Using a semiconductor photocatalyst irradiated with UV or visible light, the VOCs can be mineralized into carbon dioxide, water and mineral compounds (e.g., HX, where X = Cl, Br) at room temperature. Formaldehyde (HCHO) emitted from building, furnishing materials and consumer products is one of the dominating VOCs in the indoor environment [10, 11] . Its existence causes nasal tumors, irritation of the mucous membranes of eyes and respiratory tract, and skin irritation [11, 12] .
TiO 2 -based catalyst is one of the most efficient photocatalysts used for the formaldehyde photocatalytic degradation due to its high activity and high stability. The performance of catalyst depends on many factors, such as particle size, preparation method and cocatalyst etc. Yeung et al. [7] prepared the nanostructured TiO 2 with controlled crystal and aggregate sizes by a modified sol-gel method. The nanostructured TiO 2 has different structural and electronic properties, depending on the crystal size. During the gaseous PCO of VOCs, this nanostructured TiO 2 exhibited high activity and selectivity. Qu et al. [13] reported a nitrogen-doped nanocrystalline TiO 2 (N-TiO 2 ) using the hydrothermal method. The N-TiO 2 powders exhibited good cycling performance and no obvious deactivation tendency for the photo-degradation of formaldehyde. Fujishima et al. [14] demonstrated that formaldehyde can be efficiently photooxidized to CO 2 on a TiO 2 thin film photocatalyst. The photooxidation rate of formaldehyde was larger than that of acetaldehyde. This phenomenon is attributed to the higher adsorption capacity of formaldehyde on TiO 2 film. Interestingly, TiO 2 also shows a big adsorption capacity for formaldehyde as compared to the conventional adsorbent, activated carbon. Obee and Brown [15] found that the humidity has a positive effect on formaldehyde photocatalytic oxidation when the humidity level is below 2000 ppmv, while negative effect is observed if humidity level is above 2000 ppmv. Similar result was obtained by Ao et al. [16] . They also reported that the presence of NO promotes the conversion of formaldehyde, while the sulfate ion formed from the presence of SO 2 inhibites the conversion of formaldehyde.
The investigation of surface species and reaction mechanism in the photo-oxidation of formaldehyde is very important for the improvement of the photocatalyst performance and design of high-efficiency photoreactors. Zhang et al. [11] investigated the performance of TiO 2 supported noble metal (Pt, Rh, Pd and Au) for the catalytic oxidation of formaldehyde and found that the addition of noble metal promotes the formation of surface formate species and CO, which are the main reaction intermediates during the formaldehyde oxidation. Raskó et al. [17, 18] studied the adsorption and surface reaction of formaldehyde on TiO 2 and Rh/TiO 2 catalyst in vacuum at 300-473 K. They found that the molecularly absorbed formaldehyde convertes to formate, dioxymethylene and polyoxymethylene when the formaldehyde pressure increases to 3 Torr. Groff et al. [19] reported that formaldehyde can be oxidized to surface formate species on pure rutile TiO 2 at 373 K. With further increasing the temperature to 573 K, the formate species decomposes back to formaldehyde. Ai [20] also reported that formaldehyde adsorbed on TiO 2 can produce methyl formate via Tischenko reaction at 550 K. Because the photocatalytic processes are very complicated, the surface species, reaction intermediates and pathways for the formaldehyde photo-degradation on TiO 2 , especially at mild conditions, are still not well understood.
In situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) is one of the most powerful technologies for identifying and characterizing the adsorption species and intermediates on catalysts' surface under realistic conditions [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Reaction mechanisms of photocatalytic degradation of VOCs have been intensively studied by FTIR method [24, 27] . However, to the best of our knowledge, almost no research has been done to investigate the photocatalytic oxidation of formaldehyde on pure TiO 2 using in situ DRIFTS. In the present work, the commercial TiO 2 (P25 Degussa) catalyst was used for the photocatalytic oxidation of formaldehyde under UV irradiation. The surface species and reaction intermediates under dry and humid conditions were studied by in situ DRIFTS. Based on the experimental results, a reaction scheme for the photocatalytic oxidation of formaldehyde on TiO 2 was proposed.
Experimental

Materials
The chemicals used in the experiments included TiO 2 (P25, Degussa; S BET = 54 m 2 g -1
; rutile to anatase ratio = 87/13 w/w), FTIR-grade KBr (Aldrich), formaldehyde (Aldrich) and distilled water. Gases used in the study were Ar (high purity, 99.99?%) and the compressed air (20 vol% O 2 /N 2 ).
The catalyst wafers used in the reaction experiments were prepared by mixing and crushing 0.08 g of the TiO 2 with 0.32 g of KBr. The wafer thickness was 250 ± 15 lm, and the average density was 4.8 g cm -3 . Figure 1 shows the schematic diagram of the experimental set-up. The DRIFTS study utilized a Bruker IFS 66v/s FTIR spectrometer equipped with a liquid nitrogen cooled HgCdTe (MCT) detector and running under OPUS/IR software. The reaction system consists of a praying mantis DRIFTS accessory (Harrick Scientific) and a reaction cell (HVC, Harrick Scientific). The reaction cell is equipped with a heater and houses a sample cup filled with catalyst. A dome with three windows covers the sample cup and is held in place with retaining plates; two of the IR transparent windows are made of KBr, while the third of quartz which allows for UV irradiation of the catalyst. Cooling water was circulated through a coil surrounding the base of the dome to facilitate temperature regulation and rapid cooling of the cell after the set-temperature was adjusted. The gas-dosing system was controlled by mass flow controllers (Hua Chuang Electronics Co. Ltd.) which regulates the flow of Ar (0-300 sccm) and compressed air (0-300 sccm). 20 vol% O 2 /N 2 compressed air was first bubbled through saturator containing formaldehyde, and then supplied to the cell via the drier. The water vapor was supplied to the cell via a by-pass line. The relative humidity (R.H.) in the cell was determined using an electronic hygrometer fixed in the by-pass line.
In Situ DRIFTS
The fresh TiO 2 catalyst filled in the sample cup was pretreated by purging Ar into the cell at 393 K for 10 min in order to remove the adsorbed impurities and the spectra of KBr were recorded for background removal. All spectra were recorded in the range of 4000-600 cm -1 by averaging 400 scans with a resolution of 4 cm -1 at scanning velocity of 20 kHz.
The concentrations of formaldehyde and product CO 2 were analyzed by a gas chromatograph (Shimadzu, GC-14C) equipped with a flame ionization detector (FID) and a chromatographic column (KX-112, Lanzhou Institute of Chemical Physics). Figure 2a shows the DRIFTS spectra of dry formaldehyde adsorbed on TiO 2 at room temperature. In the experiment, the total gas flow rate was 50 sccm, the formaldehyde concentration was ca. 120 ppmv and R.H. was 5%. Before formaldehyde adsorption, only the bands at 3674, 3630, 1624 cm -1 were observed. After the formaldehyde was introduced, the new bands at 2956, 2913, 2863, 2759, 1547, 1413, 1357, 1303, 1254 cm -1 appeared. With increasing absorption time, the intensity of these bands increased and reached a steady level after 30 min absorption, while the intensity of bands at 3674, 3630, 1624 cm -1 decreased obviously. It can be seen more directly and clearly from the differential spectra before and after 30 min adsorption, as shown in Fig. 3a . The bands at 2956, 2913, 2863 and 2759 cm -1 are assigned to the C-H stretching mode (m C-H ) [11, 17, 18] , and bands at 1547, 1413, 1357, 1303 and 1254 cm -1 to molecularly adsorbed formaldehyde on TiO 2 [11] . The band at 1624 cm -1 can be assigned to the bending mode (d H-O-H ) of molecularly adsorbed water on the TiO 2 surface [2, 7] . The band at 3674 cm -1 , which is accompanied by weak shoulder at 3630 cm -1 , was due to the m O-H mode of different types of isolated hydroxyl groups [2, 7] . As we know, if a crystal of TiO 2 is formed, the network of Ti 4? and O 2-comes to an abrupt end at the gas/solid or liquid/solid interface, which leads to Ti 4? and O 2-species at the surface coordinatively unsaturated [31] . That is, there are dangling orbitals on the particle surface that can interact with orbitals of other species present at the interface. Therefore, exposure of a naked TiO 2 crystal to air or water vapor causes hydroxylation as a result of dissociative chemisorption of molecular water to satisfy the co-ordination of the surface Ti 4? sites [31] [32] [33] . Even in the dry condition, TiO 2 can provide a spot of hydroxyls sites, because the surface of TiO 2 is hydroxylated when exposure to air containing water vapor [2] . Dissociation of water on a pure TiO 2 surface forms two distinctive hydroxyl groups: one OH -group bridges two surface vicinal Ti 4? and the other forms a terminal Ti 4? -OH -group with basic character, which is the reason of the existence of two m O-H mode of different types of isolated hydroxyl groups (3674 and 3630 cm -1 ) in the DRIFTS spectra shown in Fig. 2 . The formaldehyde adsorption results in a decrease of the intensity of isolated hydroxyl and water bands (3674, 3630, 1624 cm -1 ). This can be due to the fact that the formaldehyde was adsorbed on the hydroxyl groups on the TiO 2 surface via hydrogen bonding [20, 32] . Figure 2b shows the DRIFTS spectra of formaldehyde adsorption on TiO 2 surface under humid condition (R.H. 48%). The differential spectrum obtained by subtracting spectrum before adsorption from that of 30 min adsorption in humid air is presented in Fig. 3b . The same characteristic bands of formaldehyde (2956, 2913, 2863, 2759, 1551, 1414, and 1357 cm -1 ) were observed and reached a steady level after 20 min absorption in the humid condition. Compared with the spectra under dry condition (Fig. 2a) , the bands at 1547 and 1413 cm -1 were shifted slightly to 1551 and 1414 cm -1 due to the change of humidity [34] . Furthermore, a broad band in the range of 3600-3050 cm -1 was observed, which should be attributed to of the weakly bound water molecules and associated hydroxyl groups. The band at 1624 cm -1 assigned to molecularly adsorbed water also significantly blue shifts to Fig. 2 In-situ DRIFTS spectra of formaldehyde adsorption on TiO 2 under a dry and b humid conditions Fig. 3 Differential spectra of TiO 2 after 30 min absorption in a dry formaldehyde, b formaldehyde in humid air to the spectrum before adsorption 1648 cm -1 [2] . Similar with the spectrum in dry condition, the formaldehyde adsorption under humid condition also results in the sharp drop of the characteristic feature of isolated hydroxyl groups bands at 3674 and 3630 cm -1 , as shown in Fig. 3b. 
Results and Discussion
DRIFTS Spectra Without UV Irradiation
DRIFTS Spectra Under UV Irradiation
After formaldehyde adsorption reached equilibrium, the TiO 2 was irradiated by UV light and the DRIFTS spectra are shown in Fig. 4 . The differential spectrum before and after 30 min UV irradiation is presented in Fig. 5 . From  Fig. 4a, under the Zhang et al. [11] reported that the formaldehyde can be oxidized to formate on the TiO 2 -surpported noble metal (Pt, Rh,) catalysts. The addition of noble metal Pt and Rh promotes the formation of formate species. Raskó and T. Kecskés [17, 18] also found that increasing the formaldehyde pressure or ambient temperature favors the formation of formate species on the TiO 2 surface. The above DRIFTS results further demonstrate that, even on the pure TiO 2 and at mild conditions, the adsorbed formaldehyde can be converted to formate, especially under humid condition.
Comparing the experimental results under dry with that under humid conditions, it is found that with the UV irradiation, the characteristic bands of formaldehyde decreases more quickly, while that of formate species increases more quickly when the water vapor was introduced. For easy to understand, the integrated areas of the characteristic bands It can be seen that the conversion of formaldehyde under humid condition reaches equilibrium within a shorter time.
These results indicate that the introduction of water promotes the conversion of adsorbed formaldehyde to formate species, as well as the final products CO 2 and H 2 O, which further proves the positive effect of humidity on the photocatalysis of formaldehyde [2, 8, 34] .
From the Fig. 5a , it is noteworthy that the bands of hydroxyls groups (3674, 3630 cm -1 ) and molecularly adsorbed water (1624 cm -1 ) regenerate to some extent after UV irradiation under the dry condition. On the contrary, under humid condition, as shown in Fig. 5b , the band of 1648 cm -1 and the broad band in the range of 3600-3050 cm -1 which is attributed to the hydroxyl groups and weakly bound water molecules decreases remarkably with UV irradiation. This means that a large amount of hydroxyl groups were consumed during the photo-oxidation process under humid condition. The difference may suggest that the pathways of formaldehyde oxidation are different between dry and humid conditions. During the photocatalytic reaction, the photogenerated electrons (e -) and holes (h ? ) can directly attack the adsorbed pollutants, but in most cases they first react with oxygen or hydroxyls absorbed on the catalyst surface to give the superoxide radical anion (O 2 -•) or hydroxyl radical (OH•), which then further oxidize the organic species. The proposed reaction pathways of formaldehyde photocatalytic oxidation on the pure TiO 2 are shown in Fig. 8 . Since most of hydroxyls sites on the TiO 2 surface are occupied by formaldehyde in the dry environment, the superoxide radical anion O 2 -•, formed by adsorbed oxygen reacting with conduction-band electrons (Eq. 1), may play an important role to take part in the redox reaction, as shown in Fig. 8a . For the reaction in the humid environment, since a large amount of water vapor were introduced, the adsorbed water molecules and hydroxyl groups become the most abundant electron donors, which reacts with holes to produce the OH• radicals, as expressed in the Eqs. 2-3. The hydroxyl radical OH• is an extremely powerful and indiscriminate oxidant. Its redox potential is 2.8 V relative to the normal hydrogen electrode (NHE), much higher than that of other substances, such as ozone (2.07 V), H2O2 (1.78 V), HOCl (1.49 V), chlorine (1.36 V) and superoxide radical O 2 -• (0.15 V) [35, 36] . The hydroxyl radicals can rapidly attack pollutants at the surface or in solution, and is regarded as the most important radicals formed in TiO 2 photocatalysis. The high degradation rate of formaldehyde on the pure TiO 2 in the humid environment can be due to the fact that the introduction of water vapor provides a large amount of water molecules and hydroxyl groups on the catalyst surface. Oxidation of water and hydroxyl group by the holes produced the very active radical OH•, which promotes significantly the formation rate of intermediate formate, as well as the final products CO 2 and H 2 O (Fig. 8b) .
Conclusions
During the photocatalytic oxidation of formaldehyde on the TiO 2 , the formaldehyde is adsorbed on the hydroxyl groups on the catalyst surface via hydrogen bonding. With UV irradiation, the formaldehyde is rapidly converted to formate species even on the pure TiO 2 at mild conditions. The humidity has a positive effect on the photocatalytic oxidation of formaldehyde. The reason is that the introduction of water results in an accumulation of the hydroxyl radical OH• on the catalyst surface. The hydroxyl radical OH• is an extremely powerful oxidant due to its high redox potential. As a result, the formation rate of intermediate formate, as well as the final products CO 2 and H 2 O is increased significantly.
